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Abstract
This paper analyzes the characteristics of narrowband power line communication (NB-PLC) channels and assesses
their performance when used for advanced metering infrastructure (AMI) communications. This medium has been
traditionally considered too hostile. However, the research activities carried out in the last decade have shown that it
is a suitable technology for a large number of applications. This work provides a statistical characterization of NB-PLC
channels in the CENELEC-A band. The presented results have been obtained from a set of 106 links measured in
urban, suburban, and rural scenarios. The study covers the input impedance of the power line network, the channel
response and the noise. The analysis of the channel response examines the delay spread, the coherence bandwidth,
and the attenuation, while the assessment of the noise considers both its spectral and temporal characteristics. Since
low voltage (LV) distribution networks consists of several conductors, they can be simultaneously used to set up
multiple-input multiple-output (MIMO) communication links. This paper investigates the correlation between the
MIMO streams. The bit rates that can be attained both in the single-input single-output (SISO) and in the MIMO cases
are estimated and discussed.
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1 Introduction
The conventional paradigm of electricity networks
‘generate what is consumed’ is shifting towards the new
‘consume what is produced’ [1,2]. This change is moti-
vated by facts like the increased use of renewable sources,
which have a much more decentralized structure than
conventional ones and whose generating capacity is sub-
ject to unpredictable factors, and by new consumption
patterns like electric vehicles charging, which complicate
the demand forecasting.
The traditional electricity network must evolve into the
so-called smart grid to support this change. Advanced
metering infrastructure (AMI) is considered a constituent
part of the Smart Grid. It enables applications such as
automatic meter reading (AMR), demand side response,
and distribution automation [1,3]. AMI requires bidirec-
tional communication links between the medium voltage
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to low voltage (MV/LV) transformer stations and the cos-
tumers, usually known as the last mile. Recent studies
suggest that power line communications (PLC) is themost
cost-effective technology for ARM [4]. In addition, it eas-
ily enables power quality measurements and distribution
automation functions; it gives utilities full control of the
communication network and seems to be the most appro-
priate technology for the communication between the
on-board charging system of electric vehicles and the grid
[5].
PLC technology can be classified in terms of the
employed bandwidth into narrowband (NB) and broad-
band (BB) [5,6]. Data rates estimated for last-mile AMI
applications suggest that they can be delivered by NB-
PLC in a more inexpensive way than with BB-PLC [7,8].
Examples of suitable systems for this end are the ones
defined in the ITU-T Recommendations G.9902 (known
as G.hnem), G.9903 and G.9904, and the IEEE P1901.2
[9-12]. ITU-T G.9903 and G.9904 are based on the
industry specifications G3-PLC and Powerline Intelligent
Metering Evolution (PRIME), respectively.
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Nowadays, the CENELEC-A band (3 to 95 kHz) is the
most widespread one in NB-PLC [13]. However, the quan-
titative knowledge of the channel in this frequency range
is still imprecise [14]. This is clearly reflected by the sig-
nificant differences among the physical layer parameters
of the latest NB-PLC systems [5]. Recent noise measure-
ments and models incorporated into the IEEE P1901.2
have provided much insight into the noise features in
the frequency band above 100 kHz [15]. Nevertheless,
their suitability for the CENELEC-A band has not been
assessed. The same uncertainty applies to the ‘fadingmod-
eling method’ stated in the IEEE P1901.2 for the channel
response. It results from a particularization of the well-
known model proposed in [16], but the appropriateness
of the selected parameters to generate responses in the
CENELEC-A band has not been evaluated. Similarly, mea-
surements performed in selected scenarios have provided
much information about the qualitative features of the
channel response [15,17,18], but the absence of a statisti-
cal knowledge leads to a large uncertainty in the expected
performance of NB-PLC.
LV distribution networks consist of several conductors
which can be simultaneously used to set up multiple-
input multiple-output (MIMO) communication links.
This strategy is being successfully employed in wireless
communications and in indoor BB-PLC [19], where the
phase, neutral, and protective earth conductors are used
for the MIMO. However, there are almost no available
works on NB-PLCMIMO, and they are limited to explore
indoor NB-PLC channels [20] or to plain tests using exist-
ing single phase PRIME devices [21].
In this context we make three main contributions:
• We provide a statistical analysis of the channel
characteristics in the CENELEC-A band. These
results are compared to the ones obtained with the
more recent channel model for this band, proposed
in the IEEE P1901.2 standard.
• We analyze the correlation between the channels of
the 3 × 3 MIMO links that could be established by
injecting and receiving the communication signal
between each of the phases and the neutral
conductor.
• We estimate the data rates that could be achieved
both in single-input single-output (SISO) and MIMO
communications. These results will be useful to
clarify whether there is a need for using BB-PLC in
the last mile of AMIs.
The rest of the paper is organized as follows. Section 2
provides a brief description of the employed measure-
ment setup and signal processing algorithms. Sections 3
and 4 are devoted to the characterization of the input
impedance of the power line network and its channel
response, respectively. Section 5 is the noise counter-
part of Section 4. Based on the presented characteriza-
tion, Section 6 provides an estimate of the achievable
performance. Finally, Section 7 summarizes the main
conclusions.
2 Measurement methodology
2.1 Measurement setup
The measurement setup consists of two equal signal gen-
eration and data acquisition systems, as shown in Figure 1.
They are controlled by a laptop, which also stores the
acquired signals. Measurements are differentially per-
formed from the three phases to the neutral conductor.
The signal generation system (SGS) comprises a signal
generation board (SGB), a high power amplifier (imple-
mented using a parallel structure), and a coupling circuit.
The SGS has very low output impedance, its real part
is about 220 m, and is able to deliver 116 dBμV over
2  load. The data acquisition system (DAS) has a cou-
pling circuit, a band pass filter (BPF), and a 16-bits analog
to digital converter (ADC) with a sampling frequency of
fs = 1 Msamples/s. The use of a high-resolution ADC
and a large oversampling factor avoids the need for an
amplifier. The reason is that the power spectral density
(PSD) of the quantization noise is −33.14 dBμV/√Hz,
which is between 42 dB (at low frequencies) and 28 dB (at
high frequencies) lower than the PSD of the weakest mea-
sured noise, as it will be shown in Section 5. The input
impedance of the DAS is about 1.2 k. Hence, the load-
ing effect is negligible, since the largest input impedance
values of the power line network are on the order of tenths
of .
Estimates of the channel response are computed from
the input and output signals vT (t) and vR(t) shown in
Figure 1. Therefore, the attenuation due to both coupling
circuits (about 1 dB in the passband) and the coupling loss
between the SGS and the power line network are mea-
sured as part of the channel. The latter effect could be
compensated, since the input impedance of the channels
has also been measured. In fact, this must be done when
the results are to be used in a channel emulator which
separately models both magnitudes, channel response
and input impedance [17]. However, the characterization
accomplished in this work is intended for assessing the
performance of actual communication systems. Hence, all
the effects that are present in a real situation have to be
taken into account, including impedance mismatch.
The characterization of the 3 × 3 MIMO links is done
using the sequential measurements of the nine SISO chan-
nels accomplished with the aforementioned setup. Since
the input phases not involved in the SISO channel that is
being measured are left open circuit, this does not exactly
model the actual situation in which these phases would
be loaded with the impedance of the MIMO transmitter.
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Figure 1 Simplified scheme of the measurement setup.
However, this does not limit the validity of the results
since the influence of the impedance connected to the
unused phases has proven to be negligible. Simulations
using multiconductor transmission line (MTL) theory
have shown that the response of the MIMO streams and
their spatial correlation is essentially determined by the
cable characteristics, by the topology of the underlying LV
line, and by the loads connected to the same phase.
Measurements have been carried out in nine networks
in the Center and North West of Spain. Table 1 summa-
rizes the information of each site. A total of 106 links have
been measured in three environments: rural (27), subur-
ban (29), and urban (50). Each of them is characterized as
a 3 × 3 MIMO. Hence, the analysis involves 954 channel
responses. Measurements are always performed in the LV
part of the network, generally between the LV busbar of
the MV/LV transformer and the meter position. However,
measurements are performed at intermediate locations
in cases like pole-mounted transformers. As shown in
Table 1, cables are generally deployed underground (UG)
in the urban scenario, overhead (OH) in the rural one, and
a mix of both in the semiurban scenario. In rural areas, all
customers are connected to a single LV line, while in urban
ones, the number of lines deployed from the transformer
station is much larger. Table 1 also indicates the linear dis-
tance between the transformer station and the closest and
the farthest meters.
2.2 Measurements processing
The noise signal in the jth port, nj(t), is registered dur-
ing C = 26 European mains cycles. Since NB-PLC noise
has cyclostationary nature, magnitudes employed for its
characterization must be computed synchronously with
the mains. To this end, the jitter of the mains signal in
the cth cycle, τ j(c), must be taken into account. Hence,
each mains cycle is divided into L intervals with NL = fsfoL
Table 1 Description of themeasured scenarios
Site Scenario Cabling
Number of Number of Min. Max. Number of
LV lines customers dist. (m) dist. (m) MIMO links
1 Rural OH 2 126 6 427 10
2 Rural OH 1 105 14 359 6
3 Rural OH 1 66 10 710 5
4 Rural OH 1 67 12 1063 6
5 Semiurban OH 2 124 16 615 10
6 Semiurban UG 4 132 5 163 6
7 Semiurban OH 2 183 34 423 13
8 Urban OH & UG 24 737 4 340 36
9 Urban UG 12 329 19 65 14
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samples, where fo denotes the frequency of the mains sig-
nal. The nominal and actual lengths of the cth mains cycle
are NC = fs/fo and NC + τ j(c) samples, respectively. The
noise captured in the jth port during the th interval of the
cth cycle can then be written as:
njc,(n) = nj(n + cNc +
c∑
i=0
τ j(i) + NL), (1)
with 0 ≤ n ≤ NL − 1.
This framework is employed to assess the spectral and
temporal characteristics of the noise. In this paper, the
former is accomplished in terms of the PSD, which is
estimated by means of the periodogram:
Pjc(, k) = 1UNL
∣∣∣∣∣
NL−1∑
n=0
w(n)njc,(n)e
−j 2πNL kn
∣∣∣∣∣
2
, (2)
where w(n) is a Hanning window of NL samples and U
is the normalization factor that removes the estimation
bias [22]. The cyclostationary and periodic components
of the noise have a frequency multiple of the mains.
Hence, an estimate of the frequency sampled version of
the PSD can be obtained by performing an averaging of
the periodograms in (2) with L = 2:
ŜNj(k) = ŜNj(f )
∣∣
f=k fsNL
= 1CL
C−1∑
c=0
L∑
=1
Pjc(, k). (3)
The employed value of L yields a frequency resolution
of 100 Hz.
In order to characterize the noise variation, each mains
cycle has now been divided into L = 80, and the average
value of the energy (along multiple mains cycles) in these
intervals is estimated as:
Ej() = 1C
C∑
c=1
NL−1∑
n=0
∣∣∣njc,(n)∣∣∣2 . (4)
The selected value of L leads to a time resolution of 250
μs.
Channel response measurements are obtained by trans-
mitting an orthogonal frequency division multiplexing
(OFDM)-like sounding signal generated using a 2048-
point DFT. Its lengths also equals C = 26 European
mains cycles. An estimate of the frequency response is
then obtained by averaging the least squares (LS) estima-
tions obtained from each symbol. The moderate length
of the acquired signal has obliged to accomplish an asyn-
chronous averaging (with respect to the mains) of the
LS estimates in order to achieve a reasonable signal-
to-noise ratio (SNR). This provides an estimate of the
average channel response in the frequency range 40 to 91
kHz, veiling possible periodic variations in the channel
response [23].
The input impedance of the power line channel is esti-
mated during the transmission of the OFDM signal used
for channel sounding. The current and voltage signals i(t)
and v(t) shown in Figure 1 have been employed for this
purpose, following a similar approach to the one in [24].
To this end, the resistance R is fixed to a much larger value
than the one of the PLC grid. For the sake of clarity, the
circuits used for conditioning and digitizing i(t) and v(t)
are not shown.
3 Impedance characterization
The input impedance of the power line network in the
considered band is frequency selective. Its magnitude gen-
erally increases with frequency, reachingmaximum values
of tenths of . Illustrative shapes can be found in [18,24].
Figure 2 depicts the cumulative distribution func-
tion (CDF) of the frequency-averaged magnitude of the
impedance values measured in each scenario. As seen, the
median values (50% probability) are always below 10 .
Moreover, in the semiurban and urban scenarios, they are
even below 5 . These scenarios exhibit lower impedance
values, with respect to the rural one, mainly because of the
loading effect caused by the customers located in the same
metering room.
The magnitudes shown in Figure 2 pose a twofold prob-
lem in the design of NB-PLC systems. The first one is
the difficulty of injecting signal levels of up to 5 V, as
the ones allowed by the EN 50065-1 [13], into such low
impedance values. The second one is the minimization
of the coupling loss from the transmitter to the PLC net-
work. To this end, the most desirable situation is to make
the output impedance of the transmitter negligible with
respect to the input impedance of the PLC grid. How-
ever, this obliges to make an output impedance on the
order of a few m, which is in the range of the resistance
of some printed circuit board traces or the transformers
wiring. On the other hand, conjugate impedancematching
is also technologically difficult because of the aforemen-
tioned frequency-selective behavior of the impedance and
its large variation between locations.
4 Channel response characterization
NB-PLC channel responses are frequency selective.
Figure 3 depicts the channel response of six actual chan-
nels, two per measured scenario. One of the channels can
be assumed to have an ‘average’ response, and the other is
among the worst channels measured in the corresponding
scenario. The frequency selectivity is caused by reflections
at discontinuities, which lead to a multipath propagation
phenomenon and by the loading effect of the in-home net-
work. However, in Europe, the latter seems to be more
important in the CENELEC-A band. The reason is that
links are usually too short for the conductors to behave as
transmission lines. As a rule of thumb, this occurs when
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Figure 2 CDF of the frequency-averagedmagnitude of the input impedance.
the wavelength of the transmitted signal is, at least, ten
times larger than the involved distances. In the employed
frequency band (40 to 91 kHz), this translates into 5.25
and 2.33 km, respectively, which are much longer than the
distances usually involved in European grids [25].
4.1 Statistical analysis
The coherence bandwidth and the delay spread are the
most widespread parameters used to characterize the
frequency selectivity of a channel response and its time-
domain counterpart, the time dispersion. In this paper, the
former is computed as the frequency separation for which
the spaced-frequency correlation function falls down to
0.9 [26]. Both magnitudes have a plain relation to the
parameters of OFDM communication systems, like the
ones currently used in NB-PLC. In particular, distortion
in the OFDM signal is avoided if the cyclic prefix is
larger than the length of the channel impulse response.
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Figure 3 Attenuation profiles of example channels.
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Table 2 System parameters of NB-PLC systems
standardized by the ITU-T
Parameter G.9902 G.9903 G.9904
(G.hnem) (G3-PLC) (PRIME)
Cyclic prefix length (μs) 60/120 55 120
Intercarrier spacing (Hz) 1562.5 1562.5 480
FFT window length (ms) 0.640 0.640 2048
Max bit rate (kbit/s) 101.3 55.5 64.3
Nevertheless, since increasing the cyclic prefix decreases
the symbol rate, its optimum value is usually shorter
than the channel impulse response length [27]. The delay
spread is a root mean squared (rms) measure of the latter.
Hence, the cyclic prefix length should generally be several
times larger than the delay spread.
When an insufficient cyclic prefix is used, the magni-
tude of the distortion increases with the ratio of the carrier
bandwidth to the coherence bandwidth of the channel.
Hence, the coherence bandwidth can be also used to
design the intercarrier spacing of an OFDM system. In
order to assess the suitability of the parameters employed
in the NB-PLC systems standardized by the ITU-T, their
cyclic prefix, intercarrier spacing, FFT window length
(i.e., symbol length excluding the cyclic prefix), and maxi-
mum bit rate are shown in Table 2. The bit rate indicated
for PRIME corresponds to convolutionally coded trans-
missions. Larger bit rates can be achieved with uncoded
transmissions.
Figure 4 depicts the CDF of the delay spread values cor-
responding to the channels measured in each scenario.
In order to assess the suitability of the ‘fading modeling
method’ proposed in the IEEE P1901.2 standard, the CDF
computed from 300 channels generated according to this
model is also drawn. As seen, rural channels have larger
delay spread values than urban and semiurban. This is
likely due to the attenuation of the cables, which has a low-
pass behavior. It can be also noticed that measured values
are larger than modeled ones. In fact, the median value
of the semiurban channels is about 45% larger than the
median of the modeled ones. This figure rises up to 82%
in the rural scenario. Conversely, measured channels have
lower coherence bandwidth than modeled ones, as shown
in Figure 5, where the CDF of the coherence bandwidth
and the average attenuation is depicted. The comparison
of the delay spread and the coherence bandwidth with
the parameters shown in Table 2 reveals that all the sys-
tems have intercarrier spacings lower than the measured
channel coherence bandwidth, although the value in the
G.hnem/G3-PLC systems is about three times larger than
in PRIMEa. Regarding the cyclic prefix, it seems that the
value used in PRIME might be too large for the majority
of channels, while the G3-PLC one seems to be too small
for the worst channels. In terms of performance, G.hnem
seems to provide the most appropriate solution.
Regarding the average attenuation of the measured and
modeled channels, Figure 5 shows that semiurban chan-
nels experience lower attenuation than rural and urban
ones. This might be due to the fact that semiurban sce-
narios use to involve shorter distances than rural ones and
less derivations than urban environments. As seen, the
spread of the attenuation in themodeled channels (around
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Figure 4 CDF of the delay spread of the measured andmodeled channels.
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25 dB) is much smaller than in the measured ones. This
can also be observed in Figure 6, where a scatter plot of the
attenuation vs. the delay spread is drawn. As shown, the
dispersion of the values in the measured channels is much
larger than that in the modeled ones. It is also interest-
ing to highlight that there is no clear correlation between
attenuation and delay spread, as it happens in indoor
BB-PLC channels. This might be due to the reduced influ-
ence that the multipath propagation phenomenon has in
NB-PLC, where derivations cause a much flatter power
loss than in BB-PLC.
The presented results indicate that the parameters
of the ‘fading modeling method’ are unsuitable for the
CENELEC-A band, although they might be appropriate
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Figure 6 Relation between the average attenuation and the delay spread of the measured andmodeled channels.
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for the 154.69 to 487.5 kHz range, where the channel
response is known to have better transmission character-
istics. This band is defined in the IEEE P1901.2 for trans-
missions in the Federal Communications Commission
(FCC) and the Association of Radio Industries and
Businesses (ARIB) bands.
The characterization of the 3× 3MIMO links is accom-
plished by using the channel matrix at each frequency
point,H, where the frequency index is omitted for the sake
of clarity. It is defined as:
H =
⎛⎝H11 H12 H13H21 H22 H23
H31 H32 H33
⎞⎠ , (5)
where Hij denotes the frequency response of the channel
between input port i and output port j at the correspond-
ing frequency. The singular value decomposition (SVD) of
H can be expressed as:
H = UDVH , (6)
where U and V are unitary matrices and D is a diagonal
matrix whose values are the singular values, σi, and (·)H
denotes the Hermitian operator. The singular values are
related to the eigenvalues ofHHH , λi, as σi = √λi.
Hence, the SVD decomposes the MIMO channel into a
set of orthogonal SISO channels, or streams, with ampli-
tude σi. The ratio of the singular values can be used as a
measure of the correlation between the constituent chan-
nels of the MIMO. If fact, the ratio of the maximum to
the minimum singular value is the condition number of
the matrix H, denoted by κ = max (σi)/min (σi). When
the constituent channels of the MIMO are perfectly cor-
related, all singular values except one will be zero and the
ratio is infinite. On the other side, when channels are abso-
lutely uncorrelated, all the singular values have the same
value and its ratio equals one.
Figure 7 depicts the values of κ (dB) for the measured
MIMO channels at each frequency point, computed as
20 log10(κ). As seen, it has a quite homogeneous behavior
along the considered band in most channels. In addition,
it can be observed that most values are larger than 10 dB,
which indicates that at least one of the MIMO stream is
highly correlated with the others. Figure 8 corroborates
this end. It shows the relevant part of the CDF of the sin-
gular values corresponding to the three MIMO streams
and to the SISO channels. As seen, the singular values of
the third stream are about 15 dB below the ones of the first
stream. The median values of the first stream are between
4 and 6 dB larger than those of the SISO. Similarly, the
median values of the second stream are between 1 and
4 dB lower than the SISO ones. The lowest singular val-
ues of the second and third MIMO streams, with respect
to the SISO ones, occur in the rural environment. Hence,
MIMO gains are expected to be lower here than in the
other scenarios.
5 Noise characterization
Noise in NB-PLC is caused by the electrical devices con-
nected to the power grid and to external signals cou-
pled via radiation or via conduction. It is composed of
three main components: background noise, narrowband
interference (NBI), and impulsive noise. The former is
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generally cyclostationary with a frequency multiple of the
mains cycle. The latter consists of sporadic (aperiodic)
impulses as well as components that are synchronous
to the mains [15]. Figure 9 depicts the spectrogram and
the waveform of a measured noise register. The periodic
impulsive term is clearly observable in both plots. In addi-
tion, it shows three high-level NBI around 59, 62, and 73
kHz and a sporadic impulse at around 35 ms.
5.1 Statistical analysis
The first magnitude used to characterize the noise is the
PSD, synchronously computed as indicated in Section 2.
Figure 9 Example of a measured noise waveform and its
corresponding spectrogram.
Figure 10 depicts the PSD of the heaviest and the weak-
est noise register measured in each scenario. The average
PSDs have also been included along with their fitting lines
obtained using a robust regression,
PSD(f ) = PSD0 −	PSD · f (kHz) (dBμV/
√
Hz), (7)
where PSD0 and 	PSD are given in Table 3. As seen, they
have the well-known 1/f decay [15].
Figure 10 also shows the PSD of the 12 noise patterns
described in the IEEE P1901.2 model. In this case, the syn-
chronous averaging used for the estimation of the PSD has
taken into account that they correspond to a mains fre-
quency of 60 Hz. Their background level is higher than
that in the measured ones, especially at high frequencies,
where differences can be up to 40 dB. In addition, the
modeled noise shows no trace of the NBI. This is some-
how surprising because these patterns do clearly reflect
NBI in the frequency range above 100 kHz (not shown in
the figure).
In order to characterize the time variation of the noise
level, Figure 11 depicts the CDF of the peak and rms
variation of the energy along the mains cycle, Ej(), com-
puted as described Section 2. Values corresponding to
the noise patterns defined in the IEEE P1901.2 have been
marked with circles. In this case, the window length has
been scaled to take into account that they correspond to a
mains frequency of 60 Hz. It can be observed that 50% of
the measured noise registers exhibit peak and rms values
higher than 13 and 3.4 dB, respectively. The suitability of
the noise model given in the IEEE P1901.2 to reflect the
range of the noise level variation can be assessed by its
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sampling of the measured curves, which is quite good in
almost all the quartiles.
Figure 11 has shown the amplitude of the noise level
variation along the mains cycle. However, from a com-
munication system perspective, the rate of this variation
is even more interesting. It provides an indication of the
data rate gain that could be achieved by using an adap-
tive modulation strategy [28]. This issue has already been
explored in the context of NB-PLC systems in [29]. To
this end, the duration of the region in which energy vari-
ations are lower than 3 dB (which would imply a change
in the number of bits/symbol when using QAM modula-
tions) has been computed. The CDFs of these values are
shown in Figure 12 for the three scenarios, along with the
ones of the IEEE P1901.2 noise model. As seen, the rate
at which the energy varies in the modeled noise patterns
is larger than that in the measured ones. Thus, only one
pattern covers 50% of the measured values. Hence, while
the model reflects the magnitude of the measured noise
level variations, it underestimates their rate of change.
The comparison of the values in Figures 11 and 12 with
the FFT window lengths shown in Table 2 confirms that
Table 3 Values of the noise PSD fitting curves
Scenario PSD0 PSD
Rural 41.412 371.863 · 10−3
Semiurban 29.879 233.782 · 10−3
Urban 33.939 230.935 · 10−3
the use of an adaptivemodulation strategy can provide fair
data rate gains, as already reported in [29].
6 Performance assessment
The most straightforward measure of the performance
that can be achieved in a given channel is the capac-
ity. However, it requires precise knowledge of the noise
statistics, which are still unknown in NB-PLC. Moreover,
simple closed-form expressions are known only for cer-
tain distributions, like the Gaussian one. An alternative
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Figure 11 CDF of the peak and rms energy variation along the
mains cycle for the measured andmodeled noise.
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approach could be to assess the performance that can be
attained by standardized systems. Results obtained in this
way do not really inform of the potentiality of the channel,
which might be under underutilized. Moreover, signifi-
cant performance differences can be found depending on
the algorithms employed at the receiver.
When the noise distribution is unknown, a lower bound
on the performance can be obtained by assuming that it
is Gaussian-distributed and using the well-known expres-
sion of the capacity of a set of parallel flat fading channels
with bandwidth 	f and stationary Gaussian noise [30]:
RSISO =
∑
k∈K
	f log2
(
1 + Pk|Hk|
2
Nk
)
, (8)
where Pk ,Hk , andNk are the injected power, the frequency
response, and the noise power in the kth channel, respec-
tively. K denotes the set of employed frequency indexes.
In the case of the MIMO channel, capacity is computed as
[30]:
RMIMO =
3∑
j=1
∑
k∈K
	f log2
(
1 + P
j
kλ
j
k
Njk
)
, (9)
where j denotes the index of theMIMO stream and λjk ,N
j
k ,
and Pjk are the eigenvalue, the noise, and the input power
at the kth frequency index of the jth stream, respectively.
This is the approach used in this paper. For the sake of
simplicity, the values of Nk and Njk have been taken from
the fitting PSDs whose parameters are shown in Table 3.
Noise at the MIMO ports is assumed to be uncorrelated.
However, to provide values as close to the state-of-the-art
technology as possible, the following practical constraints
have been taken into account: a SNR gap of 5 dB has been
included to model the SNR loss caused by the use of prac-
tical constellations; the back-off of the power amplifier at
the transmitter has been assumed to be 8 dB, and themax-
imum number of bits per constellation symbol has been
fixed to 6. In order to explore the performance limit of
the channel, bit rate values achieved without the latter
constraint have also been computed.
Limits for the transmitted level are defined in the EN
50065-1 [13]. It fixes both the signal level (134 dBμV)
and a PSD mask (120 dBμV/200 Hz). When using MIMO
communications, the maximum level that can be injected
on any phase is 6 dB lower than that in the SISO case. The
PSD constraint is the most restrictive one because trans-
mitting at 120 dBμV/200 Hz in the 40 to 90 kHz band
results in a signal level that exceeds 134 dBμV. Hence,
in this paper, a flat PSD of 110 dBμV/200 Hz has been
employed.
Figure 13 depicts the relevant part of the CDF of the bit
rates attained in the measured SISO andMIMO channels.
Curves denoted as ‘unconstrained’ have been obtained
without restricting the number of bits per constellation
symbol. Values corresponding to the modeled channels
have been computed by combining each of the 300 gener-
ated channels whose characteristics have been presented
in Section 4 with the 12 noise patterns shown in Section 5.
As seen, performance estimated with themodels are unre-
alistically high because of the underestimation of the
channel attenuation (see Figure 5), which is larger than
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Figure 13 CDF of the bit rate achieved by the MIMO and SISO systems.
the overestimation of the noise levels (see Figure 10).
Regarding the measured values, the lower bit rates are
obtained in the urban and rural channels. These results
are in accordance with the attenuation and noise levels
shown in Figures 5 and 10, respectively. They show that
the noise level is similar in all scenarios, but rural and
urban ones experience higher attenuation. The median
bit rates of SISO links in the urban, semiurban, and rural
environments are 137, 295, and 246 kbit/s, respectively. It
these scenarios, 90% of the SISO links can deliver more
than 28, 153, and 80 kbit/s, respectively.
The comparison of the bit rates in Figure 13 and the
ones achieved by the actual systems given in Table 2
reveals that their performance is largely limited by com-
plexity (cost) constraints. In fact, they use constellations
with at most 4 bits/symbol. In PRIME, all carriers must
employ the same constellation. The same approach has
been adopted in G3-PLC, except for the possibility of
avoiding transmitting in groups of adjacent carriers with
very low SNR. Since the noise in NB-PLC is strongly
colored and the channel response is frequency selec-
tive, using the same constellation in all employed carriers
causes a severe performance degradation. Additionally,
to reduce the memory size, the efficiency of the physi-
cal layer frames (data symbols length/frame length) has
been penalized. In G3-PLC, for instance, the impossibil-
ity of fitting more than two Reed-Solomon blocks per
frame leads to an efficiency of 78% when D8PSK is
employed.
Figure 13 also shows the bit rate that could be attained
with a 3 × 3 MIMO system in which the maximum
power level allowed by the EN 50065-1 is injected in
all phases. As seen, MIMO can offer significant bit rate
improvements when the complexity of the system is con-
strained. The minimum bit rate attained in 90% of the
channels in the urban, semiurban, and rural environments
improves to 73 kbit/s (2.61×), 241 kbit/s (1.57×), and
108 kbit/s (1.45×), respectively. Performance gains in 50%
of the urban, semiurban, and rural channels are 2.89×,
2.75×, and 2.28×, respectively. It should be taken into
account that despite the weak contribution of the third
stream, part of the MIMO gain comes from the larger
singular values of the first stream with respect to the
SISO one. As expected from Figure 8, the lowest gains are
obtained in the rural scenario. Removing the constraint on
the number of bits per constellation symbol reduces the
median values of theMIMO gain in the urban, semiurban,
and rural channels to 2.34×, 2.35×, and 1.72×, respec-
tively. As expected, it does affect the gains achieved in
links with bad transmission characteristics.
7 Conclusions
This paper has presented a statistical analysis of the
characteristics of NB-PLC channels in the CENELEC-
A band and has assessed their performance when used
for advanced metering infrastructure (AMI) communi-
cations in rural, semiurban, and urban scenarios. The
accomplished study has included the noise, the chan-
nel response, and the input impedance of the power line
network. The analysis of the former has examined both
its spectral and temporal characteristics. The channel
response has been studied in terms of the delay spread,
the coherence bandwidth, and the attenuation. An esti-
mation of the data rates that could be achieved has been
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accomplished. The obtained results indicate that the high-
est performance is achieved in semiurban scenarios and
the lowest in urban ones. In the former, 90% of the chan-
nels can deliver more than 153 kbit/s, while in the latter,
this figure goes down to 28 kbit/s. Some of the rea-
sons that prevent current NB-PLC systems from achieving
these performance have been highlighted. In addition, the
use of the three phase conductors for MIMO communica-
tions has been explored. It has been shown that a practical
3 × 3 MIMO system can give performance improvements
larger than 2.61×, 1.57×, and 1.45× in 90% of the urban,
semiurban, and rural channels, respectively.
Endnote
aThe low intercarrier spacing in PRIME is motivated by
the use of a differential-in-frequency modulation.
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